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Abstract-- A time-domain pure-state polarization analysis method is used to character-

ize surface waves traversing California parallel to the plate boundary. The method is

applied to data recorded at four broadband stations in California from twenty-six large,

shallow earthquakes which occurred since 1988, yielding polarization parameters such as

the ellipticity, Euler angles, instantaneous periods, and wave incident azimuths. The

earthquakes are located along the circum-Pacific margin and the ray paths cluster into two

groups, with great-circle paths connecting stations MHC and PAS or CMB and GSC.

The first path (MHC-PAS) is in the vicinity of the San Andreas Fault System (SAFS),

and the second (CMB-GSC) traverses the Sierra Nevada Batholith parallel to and east of

the SAFS. Both Rayleigh and Love wave data show refractions due to lateral velocity

heterogeneities under the path, indicating that accurate phase velocity and attenuation

analysis requires array measurements. The Rayleigh waves are strongly affected by low

velocity anomalies beneath Central California, with ray paths bending eastward as waves

travel toward the south, while Love waves are less affected, providing observables to con-

strain the depth extent of the anomalies. Strong lateral gradients in the lithospheric struc-

ture between the continent and the ocean are the likely cause of the path deflections.

Key words: Seismic wave polarization, surface waves, refraction.

I. Introduction

Travel time and amplitude measurements of seismic waves play central roles in studies

of seismic sources and Earth’s structure; however accurate measurements may not always
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be obtained if great-circle propagation is assumed, particularly for surface waves (e.g.,

Mitchell 1995). For a spherically symmetric isotropic medium, the particle motions of

principle seismic waves (i.e., P , S , Rayleigh, and Love waves) are linearly or elliptically

polarized parallel to or orthogonal to the great-circle plane which contains the propaga-

tion path. However, for a laterally heterogeneous and anisotropic medium like the Earth,

the particle motion usually involves interference of direct, refracted, reflected, and scat-

tered body and surface waves that are not constrained to a plane, resulting in complex

polarization and energy transport off the great-circle. This complexity has motivated the

development of sophisticated polarization analysis techniques to constrain the effects of

heterogeneity and anisotropy on seismic wave propagation, including path deflection

effects (e.g., Booth et al. 1990; Crampin 1970, 1975; Crampin et al. 1990, 1991; Kirk-

wood and Crampin 1981; Park, Vernon and Lindberg 1987; Silver and Chan 1988; Vin-

nik, Veronique and Romanowicz, 1989; Laske and Masters 1996; Vig and Mitchell 1990;

Aster, Shearer and Berger 1990, 1991; Levshin, Ratnikova and Berger 1992).

The effects of the Earth’s lateral heterogeneity on the propagation of surface waves

have been studied extensively (e.g., McGarr 1969; Capon 1970; Bungum and Capon

1974; Patton 1980; Lay and Kanamori, 1985; Jobert and Jobert 1983; Woodhouse and

Wong 1986; Lerner-Lam and Park 1989; Levshin et al. 1992). Surface wave amplitude

and travel time anomalies are often associated with polarization anomalies and involve

horizontal refraction caused by lateral heterogeneities. Various time or frequency domain

correlation and filtering techniques are commonly used in surface wave polarization

analysis (e.g., Archambeau et al. 1965; Montalbetti and Kanasewich 1970; Levshin,

Pisarenko and Pogrebinsky 1972; Kanasewich 1981; Vidale 1986; Park et al. 1987;

Jonathan and Park 1995).

To provide an efficient polarization analysis method for surface wave arrivals, we

implement in the time-domain a procedure based on the the pure-state polarization

method developed for frequency-domain analysis of highly polarized multidimensional
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waves by Samson and Olson (1980). The method provides a direct and objective means

for evaluating signal polarization characteristics, assuming that the signal is purely polar-

ized (linearly or elliptically). In general, seismic signals are in a pure state only for lim-

ited durations and frequency bands; seismic ground motions are usually much more com-

plex than a pure-state process and there are temporal variations of polarization state.

Nevertheless, the pure-state representation provides a fast, simple, and intuitive means for

identification of various seismic phases and for analysis of instantaneous polarization

orientation. We find it to be particularly useful for rapid analysis of strongly dispersed

surface wave signals, and document such applications in this paper. The time-domain

representation of the pure-state signal allows us to resolve the polarization incoherence

associated with the transition between different wave packets and to avoid a priori separa-

tion of the signal into windowed wave packets prior to analysis, as necessary for

frequency-domain implementations. In addition, the calculation of various polarization

parameters is straightforward, and yields basic results consistent with sophisticated tech-

niques such as the principal-component or covariance matrix method (e.g., Flinn 1965;

Montalbetti and Kanasewich 1970; Samson 1983).

In the following we first describe the method drawing on the basic strategies of Sam-

son and Olson (1980) and Vidale (1986), and then apply it to seismic data recorded in

California to investigate the polarization characteristics of surface waves propagating

along the circum-Pacific margin where strong lateral velocity gradients cause significant

deviations from the great circle path.

II. Method

We consider the three-component seismic time series at a single station, projected in

the great-circle coordinate system with transverse component ut (t ) (clockwise motion

relative to the source is positive), radial component ur (t ) (outward longitudinal motion

from the source is positive), and vertical component uz (t ) (upward is positive). The

associated analytic signals (e.g., Vidale 1986) are given by:
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x 1(t ) = ut (t ) + i ût (t ) , (1a)

x 2(t ) = ur (t ) + i ûr (t ) , (1b)

x 3(t ) = uz (t ) + i ûz (t ) , (1c)

where û denotes Hilbert transform (Papoulis 1984). We combine these complex displace-

ment representations into the vector x(t ) = [x 1(t ) , x 2(t ) , x 3(t )]T , where T denotes tran-

spose. By analogy to one-dimensional analytic signals, this vectorial signal may be writ-

ten as

x(t ) = R(t ) exp(i Φ(t )) , (2a)

where R(t ) and Φ(t ) are the instantaneous amplitude (slowly varying complex-valued

vector) and phase (rapidly varying real-valued scalar), respectively. The length of x(t ) is

given by

 R(t )   =

Qt

2 + Qr
2 + Qz

2 


1 ⁄ 2
, (2b)

where

Qt = 
ut

2 + ût
2 


1 ⁄ 2

, Qr = 
ur

2 + ûr
2 


1 ⁄ 2

, Qz = 
uz

2 + ûz
2 


1 ⁄ 2

are instantaneous envelopes for the transverse, radial and vertical components of the sig-

nal, respectively. As an example, for a Rayleigh wave signal with the particle motion

defined by the real vector xr (t ) = [0 , −b sin(ωt ) , a cos(ωt )]T , where ω is the angular

frequency and a and b are positive constants, the corresponding analytic signal is

x(t ) = exp(i ωt ) [0 , ib , a ]T .

For most seismic wave analysis applications, we are interested in signals that are

linearly or elliptically polarized. The particle motion due to the interference of multiple

linearly-polarized oscillations is elliptically polarized, since the interference of an arbi-

trary number of linearly-polarized oscillations with the same frequency but different

phase, amplitude, and direction of polarization is equivalent to two oscillations on

mutually-perpendicular directions with a phase difference of 90˚ (Gal’perin 1984). We



- 5 -

thus parallel Samson and Olson (1980) in constructing time-dependent polarization state

vectors that correspond to such ’pure’ states.

By analogy to the spectral representation (Samson and Olson 1980), we call a process

a pure state if

x(t ) = ρ(t ) v , (3)

where v is a vector constant (v = [v 1 , v 2 , v 3]T ) in a unitary space, and ρ(t ) =

| ρ(t ) | exp(i σ(t )), a time dependent scalar. In the following analysis, we use ξ and η to

denote the real and imaginary parts of v, respectively. In (3) vector v is not uniquely

defined, and in general its real and imaginary parts are not orthogonal (ξT η≠0). To

obtain a vector constant (r) that does have orthogonal real (r1) and imaginary (r2) parts

(r = r1 + i r2) (this provides the simplest representation of the pure state signal), we mul-

tiply vector v with a phase factor

r = exp(−i φ) v . (4)

It follows from (4)

r2 =
r1 =

− sinφ ξ
cosφ ξ

+ cosφ η.

+ sinφ η,
(5)

If the phase shift, φ, is taken as the solution of

exp(i 4φ) = exp(i 4γ) , (6)

where

γ =
2
1_ _ arctan

α
2β_ __ , α = ξT ξ−ηT η , β = ξT η . (7)

then vectors r1 and r2 become orthogonal, and the pure-state process given by (4) can be

written equivalently as x(t ) = ρ′(t ) r, where ρ′(t ) = ρ(t ) exp(i φ). Note that equation (6)

has four solutions

φ = m
2
π_ _ + γ , (m = 0 , 1 , 2 , 3) , (8)
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with one corresponding to vector r = r1 + i r2 where r1
T r1 ≥ r2

T r2 and others i r , −r,

and − i r. The sign of vector r is not uniquely defined, since both r and − r correspond to

solutions of (6). With this in mind, vector r represents the direction of polarization of

the process and hereinafter is referred to as the polarization-state vector.

By multiplying the polarization-state vector (r) with an unitary rotation matrix (Q )

(e.g., Goldstein 1980), we obtain

r′ = [0 , 0 , a ]T ± i [0 , b , 0]T = [0 , ± ib , a ]T

where r′ = Q r, a = (r1
T r1)1 ⁄ 2, b = (r2

T r2)1 ⁄ 2, and a ≥ b. Here r1 and r2 are parallel to

the major and minor axes of the polarization ellipse and the ratio of the corresponding

component amplitudes

E = b ⁄ a (9)

is the ellipticity, as for the spectral representation developed by Samson and Olson

(1980). We define a third polarization-state vector orthogonal to the polarization plane as

r3 given by the cross product of r1 and r2 (r3=r1×r2=ξ×η). We can use (5)-(9) to deter-

mine the orientation and geometry of the polarization ellipse of the time domain pure

state signal, analogous to the spectral application of Samson and Olson (1980), but now

explicitly formulated for easy application to time domain signals.

For simplicity, we remove the sign ambiguity of the polarization-state vector (r) with

the following procedure, in which we define the orientation of the polarization-state vec-

tor and eliminate abrupt variations of calculated polarization parameters due to the ambi-

guity in specifying the polarization direction by r1 + i r2 or − r1 − i r2. For an assumed

r = r1 + i r2, we write the largest, median, and smallest components of r1 as A, B, and C

(i.e., A ≥ B ≥ C), respectively. Then, we chose an integer, n , with

n =


−1

1

if A ≠ max [ |r 11| , |r 12| , |r 13| ] ,

if A = max [ |r 11| , |r 12| , |r 13| ] ,
(10a)

when |A + C | > µ (|A | + |C |); or
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n =





−1

1

if [r1 − r1′]T [r1 − r1′] > [r1 + r1′]T [r1 + r1′] ,

if [r1 − r1′]T [r1 − r1′] ≤ [r1 + r1′]T [r1 + r1′] ,
(10b)

when |A + C | ≤ µ (|A | + |C |). Here µ is a given, small positive number, and r1′ in (10b)

denotes the r1 vector obtained for the previous time step. Our final choice for the

polarization-state vector is r̂ = n r with n being either 1 or -1. This eliminates the ambi-

guity in distinguishing prograde motion from retrograde motion.

We use the polarization vectors to calculate various polarization parameters. Given two

coordinate systems, the Euler angles (θ , φ , ψ) define the orientation of the new system

(x 1′ , x 2′ , x 3′) relative to the original system (x 1 , x 2 , x 3). If x 1′ , x 2′, and x 3′ are paral-

lel to r1 , r2, and r3, respectively, and ri j (i=1, 2, 3; j=1, 2, 3) denote the j-th component

of ri in the original system, then the Euler angles are given by

ψ = arctan 2 (r 13 , (r 11
2 + r 12

2 )1 ⁄ 2) .

φ = arctan 2 (r 12 , r 11) ,

θ = π⁄2 ,

(11a)

for a linearly polarized oscillation (i.e., b=0), and by

θ = arccos [r 33 ⁄ (a b )] , (11b)

φ =


arctan 2 (r 12 , r 11) ,

arctan 2 (r 31 , −r 32) ,

(|r 33| = ab ) ,

(|r 33| ≠ ab ) ,
(11c)

ψ =


0 ,

arctan 2 (r 13 ⁄ a , r 23 ⁄ b ) ,

(|r 33| = ab ) ,

(|r 33| ≠ ab ) ,
(11d)

for an elliptically polarized oscillation (b ≠ 0), with 0≤θ≤π, −π≤φ<π, and −π≤ψ<π.

It is convenient to define geographic parameters for the azimuth and dip of the major

polarization vector, r1. The azimuth is measured clockwise from north and given by

φa = φR + 2m π + arctan 2(r 11 , r 12) , (−π≤φa <π) , (12)

where φR is the azimuth of the radial direction, and m an integer appropriate for φa ,

ranging between – π and π. The dip is given by
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δa = − arctan 2 (r 13 , (r 11
2 + r 12

2 )1 ⁄ 2) , (−π⁄2≤δa ≤π⁄2) . (13)

We utilize these equations in our time-domain analysis to determine the instantaneous

ellipticity and polarization orientation of seismic ground motions. The results obtained

from this method are consistent with those for the time domain method of Vidale (1986),

in which the eigenvalue problem of a covariance matrix is explicitly solved and a numeri-

cal method is employed for searching for the direction of polarization. Prescribing the

orientation of r1 using (10) removes the ambiguity in specifying the azimuth and dip of

the polarization direction and the need for computation with various phase factors, as in

the method of Vidale (1986), simplifying the analysis for a time series. It is straightfor-

ward to show that for the correlation matrix R , given by

Ri j =
M
1_ __

k =1
Σ
N

xik xjk
* , (i = 1 , 2 , 3; j = 1 , 2 , 3) , (14)

where a set of M observations with xik = xi (tk ), (k=1, 2, ..., M) (M=3 for three-

component data) and the asterisk indicates complex conjugation, the eigenvectors of R

for a pure-state process are given by

q

p

r

=

=

=

r3 ,

a 2

r1_ __

r1

−

+

i

i

b 2

r2_ __ ,

r2 ,

(15)

and the direction of polarization is parallel to r (the polarization-state vector) and perpen-

dicular to p and q. Equation (15) indicates that the eigenvectors of the correlation matrix

of a three-component signal are linear combinations of the polarization vectors of the sig-

nal. For a general process polarization characteristics are specified by the eigenvalues λi

and eigenvectors ui (i=1, 2, 3) of the correlation matrix and expressions in Samson and

Olson (1980), Jepsen and Kennett (1990) and Montalbetti and Kanasewich (1970) define

the degree of rectilineartiy and planarity. Estimation of uncertainties in frequency depen-

dent polarization estimates based on singular value decomposition of the correlation
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matrix is discussed by Park and Chave (1984) and Park et al. (1987). While the time

domain formulation is not amenable to comparable error analysis, characterization of

complex waveform behavior is often facilitated by treatment of the time series, which

provided the motivation for our adaptation of the pure-state formulation to the time

domain.

III. Analysis of surface wave data

Our polarization analysis involves determination of the polarization vectors of the

three-component time domain signals assuming pure state, and evaluating the orientation

of the resultant vectors. In order to gain insight into the behavior of the polarization vec-

tors, we show the time dependence of their three components, along with the measured

orientation parameters. We demonstrate the polarization analysis procedure using syn-

thetic and actual time series, and then define some procedures for measuring azimuths

and instantaneous periods that are used in the subsequent data application.

III.1 Application to synthetic time series

We consider transverse, radial, and vertical component time series consisting of two

synthetic signals separated in time by 20 s (Figure 1(a-c)). The first signal has a period

of 10 s and is linearly polarized with the direction of polarization r1 = (-3, 3.1, 4.0)

(where the components are given in the transverse, radial and vertical coordinates, respec-

tively; the second signal has a period of 50 s and is elliptically polarized with the major

and minor axes of the polarization ellipse r1 = (3.8, 4, 0) and r2 = (0, 0, -3). The ampli-

tudes at the beginning and termination of each signal are reduced by multiplying by half-

sine functions.

To limit the analysis to signals with sufficiently large amplitudes for reliable determi-

nation of polarization parameters, we define a threshold, ε, for normalized instantaneous

amplitudes of the analytic signal. The normalized instantaneous amplitudes are given by

Ak = 
a (tk )2 + b (tk )2


1 ⁄ 2

⁄ AMP , (k =1 , . . . , N ) (16)
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with

AMP = k
max 





a (tk )2 + b (tk )2


1 ⁄ 2 




,

the maximum of the instantaneous amplitudes for the signal observed at N time steps.

For time steps with normalized instantaneous amplitudes smaller than the threshold, the

polarization parameters are reduced by multiplying them with a small factor. For exam-

ple, the ellipticity is calculated by

E (tk ) =









b (tk ) ⁄a (tk )

[b (tk ) ⁄a (tk )] exp 
−(1−Ak ⁄ε)×105


,

,

if Ak > ε .

if Ak ≤ ε ,
(17)

Other polarization parameters are calculated similarly. ε is set to 0.01.

Figures 1(d-f) show the polarization vectors which are obtained by assuming ρ(t )=1 in

(3). The two signals are well isolated on various vector components, with the linear sig-

nal isolated to r1 and the elliptical motion defined by non-zero values of r2. The polari-

zation vector orthogonal to the polarization plane (r3) is redundant, but helps to define the

off great-circle deflection of the elliptical motion with large values of r 31 and r 32. Fig-

ures 1(g-j) show the dip, strike, and ellipticity of the polarization vectors, along with the

redundant Euler angles, which are calculated using the pure-state analysis method. The

corresponding parameters for each synthetic signal are well predicted.

There are small erratic variations of the calculated polarization parameters near the

beginning and termination of the signals (Fig. 1(g-j)), as typically found by most

methods. Using a threshold for normalized instantaneous amplitudes in the parameter

determination, these variations are kept small. This test demonstrates that polarization

vectors reliably extract key polarization information in the absence of noise. The perfor-

mance degrades in the presence of noise and with overlapping signals, as the following

data applications illustrate. Rather than conduct detailed error analysis on each spectral

sample (a massive undertaking), we evaluate stability of results for multiple observations
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to assess the robustness of polarization estimates.

III.2 Station and event distribution

The data used are from earthquakes recorded by four broadband stations of the TER-

RASCOPE and BDSN (Berkeley Digital Seismic Network) networks: southern California

stations PAS (Pasadena) and GSC (Goldstone) and central California stations MHC (Mt.

Hamilton) and CMB (Columbia College). These stations span the active San Andreas

Fault System (SAFS), and all events are near two great circle paths traversing California

along the plate boundary. The MHC-PAS path is in the vicinity of the San Andreas Fault

System (SAFS), with a length of 473 km. The CMB-GSC path traverses the Sierra

Nevada Batholith parallel to and east of SAFS, with a length of 441 km.

Table 1 lists the epicentral parameters of the twenty-six earthquakes used in this study,

which occurred between February 1988 and January 1997 with Ms ≥ 6.1. The events

were located toward the northwest or southeast from California within an arc distance of

90˚ from the stations. Figure 2 shows the distribution of the stations and events along

with the great-circle paths that connect station PAS with the epicenters of three of the

earthquakes. For every event the differences between back-azimuths for the four stations

are smaller than 6˚.

The earthquakes are thrust or strike-slip events. Figure 3 shows the corresponding

radiation patterns of Rayleigh and Love waves at a period of 100 s. For events 910405

(Peru), 930910 (Chiapas), 940704 (Oaxaca), 951009 (Jalisco), and 951101 (Chile), the

stations are close to nodal azimuths of Rayleigh-wave radiation; for events 880814

(Chile) and 890904 (Alaska), which are shallow, low-angle thrust events, the stations are

in the azimuths of strong Rayleigh but weak Love wave radiation; for events 880209 and

901106 (Komandorsky Islands), which are strike-slip events, the stations are in the

azimuths of nodal Love wave radiation. This allows us to seek the arrival of anomalous

wave packets such as quasi-Love (QL ) or quasi-Rayleigh (QR ) waves, which are gen-

erated by Love-to-Rayleigh or Rayleigh-to-Love conversion due to azimuthal anisotropy
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in the Earth’s upper mantle (Yu and Park 1993).

III.3 Polarization vectors of seismograms

Polarization vectors and parameters were calculated for all seismograms, including

various filtered traces, but we provide detailed results only for the broadband seismo-

grams recorded at PAS from the 1989 Alaska earthquake (event 890904). Figure 4a

shows the unfiltered seismograms. The P , S , Love (marked as LQ ), and Rayleigh

(marked as LR ) waves are prominant, and relatively well separated. Figure 4b shows the

three components of each polarization vector, again relative to the transverse, radial and

vertical coordinate system. Figure 4b demonstrates that (1) P waves are linearly polar-

ized on the vertical and radial components with impulsive r 13, emergent r 12, and very

weak other ri j components; (2) S wave polarization is not purely linear and there is a

small component on the minor vector (r2) probably as a result of SPL energy; (3) Love

waves are primarily linearly polarized on the transverse direction (r 11), but there is some

relatively short period elliptical motion with nonzero r 22; (4) Rayleigh-wave arrivals are

large and have substantial transverse r 11 and r 21 components. The small r 33 and large

r 31 and r 32 indicate elliptical polarization on a vertical plane with significant off-great

circle propagation.

In Figure 4b symbols R 1, R 2, and R 3 in the Rayleigh wave window identify three

somewhat discrete swings for r3 components, indicating time-varying polarization of Ray-

leigh wave arrivals with changing orientation of the vertical polarization plane. The R 1

signal early in the Rayleigh wave window has a moderate r 32 component, and may

correspond to refracted Rayleigh waves or interference of refracted Rayleigh waves, scat-

tered Love waves or QR waves. QR waves would appear on transverse components, after

the Love wave but prior to the Rayleigh wave, and are best observed at long periods (T

70 s) for shallow events near the Love source-radiation minima (Park and Yu 1992, 1993;

Yu and Park 1993, 1994). However, when our transverse seismogram is low-pass filtered

with a cut-off period of 70 s there is little energy following LQ ; when high-pass filtered
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with a cut-off period of 100 s, the transverse component arrivals are in phase with the LR

wave packet on the radial component, indicating refracted Rayleigh wave energy. In con-

trast with R 1, the following R 2 signal has very small r 32 and may correspond to direct

Rayleigh waves propagating along the great circle path. The signals following R 2, in par-

ticular, the R 3 signal, have very large r 32 and again correspond to refracted Rayleigh

waves.

Figures 5(a-c) show the envelope functions for the seismograms in Figure 4. For Love

waves the instantaneous envelopes for radial and vertical components are much smaller

than that for the transverse component, indicating linear polarization and near great-circle

propagation; for Rayleigh waves the instantaneous envelope of the transverse component

has amplitudes comparable with that of the radial component, but it spans a longer dura-

tion with large amplitudes than the other components.

III.4 Incident azimuths

We now examine the incident azimuths, which are the azimuths of arrival at a given

station (which may depart from the great-circle backazimuth). We use Θα to denote the

incident azimuth of Rayleigh waves (measured clockwise from the radial direction to the

intersection of the polarization plane and horizontal plane), Θβ the incident azimuth of

Love waves (measured clockwise from the transverse direction to the direction of the

major polarization vector r1), and Θγ the angle between the radial direction and the direc-

tion of vector-valued instantaneous envelopes for horizontal components. Figures 5(d-f)

show variations of Θα, Θβ, and Θγ, respectively, demonstrate the same characteristics of

the Love and Rayleigh waves as discussed previously.

To determine the average incident azimuth for energy arriving over a given time win-

dow, we minimize the following function

F =
k =1
Σ
N

sin2 (ζ −ζk ) Wk , (18a)

where subscript k indicates the k -th time step (tk , k = 1, ..., N ) for the time window, ζk
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incident azimuths, ζ the average of ζk , and Wk the weights, which represent the signal-

to-noise ratio (SNR). For Rayleigh waves ζk = Θα(tk ) and ζ = ζ α; for Love waves ζk =

Θβ(tk ) and ζ = ζ β. Using the weighted average incident azimuth (ζ ) allows us to reduce

contributions from signals with small amplitudes. For Love waves we use

Wk =
A

r 11(tk )2 + r 12(tk )2
_ _______________ 

1 − r 13(tk )2⁄B 
 (18b)

with

A = k
max 

r 11(tk )2 + r 12(tk )2 
 , and B = k

max 
r 13(tk )2 

;

and for Rayleigh waves we use

Wk =
A

r 31(tk )2 + r 32(tk )2
_ _______________ 

1 − r 33(tk )2⁄B 
 (18c)

with

A = k
max 

r 31(tk )2 + r 32(tk )2 
 , and B = k

max 
r 33(tk )2 

.

By minimizing function (18a) we obtain the best estimate of ζ and its error, which is the

weighted RMS for ζ −ζk .

For the long-period channel (LH) seismograms recorded at PAS for the 1989 Alaska

earthquake, we obtained ζ β = -5˚ (±7˚) for a time window before the Rayleigh wave

arrival, and ζ α = -40˚ (±7˚) for a time window about four minutes long following the

Rayleigh wave arrival. Measurements for all seismograms are discussed in the following

sections.

III.5 Instantaneous periods

In this section we examine instantaneous phase and its variations. Using the notation

of (2) and (4), the instantaneous amplitude and phase are given by

R(t ) = | ρ(t ) | r , (19a)
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and

Φ(t ) = σ(t ) + φ , (19b)

respectively. The time derivative of the instantaneous phase gives the instantaneous

angular frequency

Ω(t ) =
dt

d Φ(t )_ _____ . (20)

The instantaneous period is 2 π ⁄ Ω(t ). For the pure-state process, Φ(t ) and Ω(t ) are

given by

Φ(t ) = m
2
π_ _ + γ, (m = 0 , 1 , 2 , 3) , (21a)

and

Ω(t ) =
α2 + 4 β2

α β′ − α′ β_ __________ , (21b)

respectively, where prime indicates time derivative, and γ, α, and β are defined by (7).

Figure 5g shows the variations of instantaneous periods for S , Love, and Rayleigh

waves for the unfiltered seismograms shown in Figure 4a. For time-steps with α2 + β2

much smaller than its maximum for the entire time window, the instantaneous period is

taken to be the period corresponding to the Nyquist rate.

III.6 Polarization vectors of ground displacements

We apply the polarization analysis to low-pass filtered ground displacement waveforms

for various filter bands to estimate surface wave incident azimuths. We use low-pass

filtered waveforms since analyses for bandpass filtered waveforms are subject to the

bandwidth of the filter which must be adjusted according to the time and frequency reso-

lution; in addition, bandpass filters usually generate stronger waveform distortions than

low-pass filters for waveforms with significant amplitude variations, which make the

onset of a signal difficult to observe (Stewart and Douglas 1983).
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Figure 6a illustrates the polarization vectors for low pass filtered ground displacements

with a cut-off period of 20-s obtained from the seismograms shown in Figure 4a. The

Rayleigh wave arrival corresponds to the abruptly increasing amplitudes of the vertical

component of major vector r1 (r 13), and of all components of minor vector r2. The sharp

amplification of r2 is characteristic of transition from linear polarization to elliptical or

planar polarization. Figure 6b shows the components of r1 along with measured incident

azimuths (Θβ) for Love waves. For time-steps that have small r 12 and r 13, the incident

azimuths show large variations. The weighted mean for the incident azimuths, which is

obtained using weight function (18b), shows smaller variations than the mean without

weighting. For the Love wave time window shown in Figure 6b, the weighted mean is

about -3˚ ± 5˚, while the mean without weighting is about -2˚, differing slightly from the

weighted mean. Figure 6c shows the components of r3 along with measured incident

azimuths (Θα) for Rayleigh waves. The rapid variations of Θα correspond to small r 31

and r 32. For various time windows beginning from the Rayleigh wave arrival, the mean

incident azimuths that are obtained using variable weight coefficients (18c) show smaller

variations than than those obtained without weighting. With one-standard errors of about

6˚, the weighted mean is about -34˚, while the mean obtained without weighting is about

-40˚.

Figure 7a shows that for the same low pass filtered seismograms, the instantaneous

envelopes correlate well with α and β, and that the minima of αβ′−α′β and α2+4β2

correspond to small α and β, small instantaneous envelopes, and large variation of the

instantaneous periods. Therefore, to estimate the average instantaneous period, we use a

weighted arithmetic mean with the following weights

Wk =

(αβ′−α′β)2 + (α2+4β2)2

 ⁄ A (22)

for the instantaneous period for the k -th time step, where A is the maximum of

(αβ′−α′β)2 + (α2+4β2)2 over the given time window. Using weight function (22), for

displacement data filtered with a cut-off period of 20 s we obtained a mean instantaneous



- 17 -

period of 30 ± 2 s for Rayleigh waves and 55 ± 5 s for Love waves. For the unfiltered

seismograms shown in Figure 4a the average instantaneous period is about 23 s for Ray-

leigh waves and 39 s for Love waves. For a signal within a given time window we con-

sider the average instantaneous period to be the dominant period of the signal.

The above procedure is applied to displacement data filtered with various cut-off

periods. Figure 7b shows polarization vectors for the same data filtered with a cut-off

period of 100 s. The weighted arithmetic mean for the instantaneous periods is 116 ± 9 s

for Rayleigh waves and 109 ± 1 s for Love waves. The variations of the polarization

vectors indicate that these long-period Rayleigh waves arrive approximately along the

great-circle direction. The weighted average of incident azimuths relative to the great-

circle direction is 7˚ ± 2˚ for Rayleigh waves and 10˚ ± 4˚ for Love waves.

Figure 8a shows the measured incident azimuths as a function of the instantaneous

period. The results indicate that for Rayleigh and Love waves with periods between 20

and 180 s the errors of the weighted mean incident azimuths are in general smaller than

10˚; for Love waves with periods between 50 and 150 s and for Rayleigh waves with

periods between 70 and 150 s, the errors are smaller than 5˚; and for Rayleigh and Love

waves with periods longer than 180 s the incident azimuths are smaller than 5˚, although

the errors become much larger due to small SNR. Finally, for periods shorter than 30 s

the incident azimuths of Love waves can not be determined well from the data used in

this study. The strong azimuthal deflections for Rayleigh waves resolved in Figure 8 are

robust, and consistent with results obtained by other polarization analysis procedures.

III.7 Correction for mode contamination

In the procedure described above for calculation of the incident azimuths we assume

that mode contamination or interference between waves with different polarization charac-

teristics is small and can be ignored. To better take into account mode contamination, we

applied the above procedure to synthetic seismograms computed for anisotropic Earth

model PREM for all modes with periods longer than 32 s using the method of Gilbert
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and Dziewonski (1975). Figure 7c shows the polarization vectors for the synthetic dis-

placement seismograms filtered with a cut-off period of 50 s for station PAS and the

1989 South of Alaska earthquake. The overlap of Love and Rayleigh wave energy is evi-

dent on the horizontal and vertical components of vectors r1 and r2, and this can contam-

inate azimuth measurements.

Guided by the synthetic results the measured incident azimuths are corrected for mode

contamination using relative amplitudes of various components of polarization vectors for

synthetic seismograms. The corrections are made using vector r3 for Rayleigh waves and

r1 and r2 for Love waves. Figure 8a shows the incident azimuths corrected for mode

contamination along with the azimuths obtained without the correction, indicating that the

corrections for periods longer than 80 s are much smaller than for periods between 30

and 60 s.

III.8 Path dependent incident azimuths of surface waves

For the data set used in this study, we observed strong incident-azimuth anomalies for

Rayleigh waves with periods between 20 and 150 s, with the anomalies for many paths

being larger than 35˚ for a period of 30 s and 20˚ for a period of 150 s. For Love waves

the anomalies are usually smaller than for Rayleigh waves.

Figure 8b shows the measured incident-azimuth anomalies of surface waves as a func-

tion of period for the 1989 South of Alaska earthquake. The earthquake has good SNR

for Rayleigh and Love waves and a large Rayleigh-Love amplitude ratio in comparison

with other events used in this study (Figure 3). For Love waves the anomalies are in

general less than 5˚ and do not show significant variations among stations; however, for

Rayleigh waves with periods less than 100 s the anomalies at PAS are greater than 10˚,

differing significantly from those for MHC and CMB.

Figures 9(a-c) show seismograms bandpass filtered between 30 and 200 s for six earth-

quakes, for which large Love or Rayleigh wave anomalies are found. For the waveforms

recorded at PAS for the 1989 Alaska earthquake (Figure 9a, top right panel), within the
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Rayleigh wave time window there is an anomalous arrival on the transverse component,

which is in phase with the R 1 radial component. This anomalous arrival results in the

large incident-azimuth anomalies of Rayleigh waves shown in Figure 8b.

Significant polarization anomalies of Rayleigh waves are also found for several other

events. Figure 9b shows examples for two of the earthquakes. For the waveforms with

large polarization anomalies of Rayleigh waves, the transverse component of the

anomalous arrival for the Rayleigh wave time window is usually in phase with the radial

component of the Rayleigh wave packet. This arrival has about the same group velocity

as R 1 and becomes stronger as waves propagate toward the southeast for events in the

northwest (e.g., Figures 9a and 9b, top panels) and toward the northwest for events in the

southeast (e.g., Figure 9b, bottom panels). We attribute the anomalous arrival to the

refraction of Rayleigh waves rather than Rayleigh-to-Love conversion or QR waves. In

addition to the refraction, energy of scattered Love waves may also contribute to the

transverse component within the Rayleigh wave window.

Some waveforms exhibit large Love wave polarization anomalies. In comparison with

the incident-azimuth anomalies for the 1989 South of Alaska event (Figure 8b), the

anomalies for the 1995 near coast of Northern Chile earthquake show significantly dif-

ferent variations as a function of period (Figure 8c). The waveforms for the earthquake

are shown in the bottom panels of Figure 9a. For station CMB there is an anomalous

arrival on the radial component for the Love wave time window, which corresponds to

the large incident-azimuth anomalies of Love waves shown in Figure 8c. The arrival has

about the same group velocity as G 1 waves and a relatively small vertical component,

and its radial component is in phase with Love waves on the transverse component.

For other events that show significant polarization anomalies of Love waves, the ano-

maly also corresponds to an anomalous arrival on the radial component for the Love

wave time window. Figure 9c shows the seismic data for two such events. In the

waveforms from these events, there are usually large S phases along with noticeable SS ;
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and the Love waves usually overlap or follow the SSS phase. The S phase usually has

large radial or transverse and small vertical components, and is linearly or elliptically

polarized; and the SS usually shows polarization with larger ellipticity than S . For the

data recorded at CMB from the 1992 Kamchatka earthquake (Fig. 9c, top left panel),

both the radial and vertical components of the anomalous arrival are in phase with the

transverse component of G 1 wave packet. For the data recorded at CMB from the 1996

Peru earthquake (Figure 9c, bottom middle panel), the radial component of the anomalous

arrival is in phase with the transverse component but out of phase with the vertical com-

ponent. For both events, the vertical component of the arrival is smaller than the radial

component, and the amplitude ratio of the radial and vertical components remains about

the same for data low-pass filtered at 50 s. Therefore, we attribute the anomalous arrival

on the radial component for the Love wave time window to the combined effects of the

refracted Love waves and multiple or scattered S waves. While for many events the

Love wave anomalies recorded at CMB are larger than those for other stations, for

several events in the northwest the anomalies for CMB are smaller than for PAS and

GSC.

Figures 10 and 11 show the measured incident-azimuth anomalies for all the events

used in this study. For several events listed in Table 1, records for some stations have

small signal to noise ratio or glitches or are not available due to station operations. The

data set has more records for station CMB than for other stations, while it includes only a

few records for station MHC.

For the earthquakes located to the northwest from the stations, the variations of the

anomalies as a function of period show similarities between various events (Figure 10

and 11). However, for the earthquakes in the southeast, the anomalies show somewhat

stronger path dependency and variations as a function of period, indicating stronger

laterally heterogeneities below paths from the southeast than for northwest. As refrac-

tions may occur anywhere along the paths, some variability between events at the same



- 21 -

azimuths is to be expected. Therefore, a large number of records must be collected to

obtain a reliable average of the surface wave propagation anomalies. This is true for all

polarization methods.

Figures 12(a-c) show the directions of arrivals of surface waves with a period of 30 s

along with several source-station paths. For each station the azimuth of an arrow indi-

cates the observed incident-azimuth anomaly. Figures 12a and 12b show the average

directions of arrivals for all the events. For the earthquakes to the northwest (Figure

12a), Rayleigh waves arrive at the stations with ray paths bending eastward about 10˚ at

CMB and MHC and about 25˚ at PAS and GSC, indicating that the incident-azimuth

anomalies become larger as waves travel to the south from MHC to PAS and from CMB

to GSC. Figure 12c shows the arrival directions of Rayleigh waves from two earthquakes

that have the best signal to noise ratio for the events in the northwest. The arrival direc-

tions are consistent between these events for PAS and MHC.

For Love waves, Figure 12a shows that the ray paths bend eastward about 10˚ at all

the stations, and there is no significant change of the direction as waves travel to the

south. The difference between the results for Rayleigh and Love waves may reflect the

differences between the effects of lateral heterogeneities on Rayleigh and Love waves and

the intrinsic depth dependence of the various wavetypes.

The data from earthquakes to the southeast show a more complex pattern (Figure 12b).

Some of the complexity may be due to low signal amplitudes in the data or due to strong

effects of lateral heterogeneities near the sources. Figure 12d shows the arrival directions

of Love waves from two earthquakes, which have the best signal to noise ratio for the

events in the southeast. The Love waves arrive at GSC with ray paths bending eastward

about 5˚ and at CMB about 10˚.

IV. Discussion

Previous work has found strong path deflections for short to intermediate period sur-

face waves. The magnitudes of the surface wave polarization anomalies found in this
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study are comparable to those found, for example, on Central Eurasia paths analyzed by

Levshin et al. (1992), but much larger than for fundamental mode surface waves (below

40 mHz) across the northwest Pacific (Lerner-Lam and Park 1989). There can be large

differences between surface wave anomalies for paths along oceanic, continental, and tec-

tonic plate boundary structures. The large anomalies found in California preclude applica-

tion of two-station methods for measuring dispersion or attenuation, and motivate the use

of array data to track wavefront deflections.

The observed incident-azimuth anomalies may be attributed to the large scale lateral

heterogeneities of structures below the wave paths. For the events in the northwest the

differences between the anomalies for various stations suggest that wave velocities to the

southwest of the paths are faster than those to the northeast. For some events, such as

event 890904, the anomalies are observed for periods as long as 100 s, suggesting that

the lateral velocity gradient to the southwest of the paths may extend to deep depths,

rather than being localized in the shallow crust.

In order to constrain the structure, we need to combine analyses of polarization and

travel-time tomography. A successful example in this area is given by Laske and Masters

(1996), in which an aspherical Earth model is developed using surface-wave phase,

amplitude, and polarization data. Zhang (1998) shows that the model obtained by Laske

and Masters (1996) provides improved global resolution in determination of earthquake

source parameters. Recent work has begun to map out the strong lateral gradient in

lithospheric thickness beneath California, with a westward increase in thickness by 50 km

(Melbourne and Helmberger, 2001). This is likely to cause some of the strong azimuthal

deflections that we observe. Three dimensional modeling procedures and extensive polar-

ization analysis of the California broadband network data should contribute to resolving

this structure in future efforts. Network measurements will be needed to resolve the

extent to which lateral gradients in structure beneath California is responsible for the

polarization anomalies versus gradients elsewhere along the great-circle paths.
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Yu and Park (1994) observed strong QL waves on many propagation paths in the

Pacific Ocean region and attributed the observations to the existence of strong lateral gra-

dients in azimuthal anisotropy in the region. The QL waves are elliptically polarized on

the vertical and radial components and arrive slightly behind the Love wave but prior to

the Rayleigh wave (Yu and Park 1994). For our data set, QL waves are not clearly

observed, suggesting the absence of strong effects of anisotropy for the paths used in this

study. This may result from differences between directions of the paths and the aniso-

tropy axes or from the absence of strong lateral gradients in azimuthal anisotropy in the

circum-Pacific region.

V. Conclusion

This study presents a time-domain procedure for analysis of polarization characteristics

of three-component seismic waves building on the pure-state approach of Samson and

Olson (1980). Three orthogonal polarization vectors are calculated analytically from the

three-component signal, and associated polarization measures for the time series are

extracted from the vectors. Calculation of the vectors involves a total of nine com-

ponents, but the procedure is straightforward and provides an intuitive basis for evaluat-

ing varying polarization in the time series. The method is applied to data recorded at

several broadband stations in California from twenty-six large, shallow earthquakes that

occurred between 1988 and 1997. We investigate the polarization characteristics of sur-

face waves propagating along the northern and eastern circum-Pacific. The earthquakes

are located toward the northwest and southeast along the Pacific coast on the great circle

paths connecting either stations MHC and PAS or stations CMB and GSC. The first path

(MHC-PAS) is in the vicinity of the San Andreas Fault System (SAFS), and the second

(CMB-GSC) traverses the Sierra Nevada Batholith, parallel and to the east of the SAFS.

Our analyses indicate that Rayleigh waves are strongly refracted, with ray paths bending

eastward as waves travel toward the south, while Love waves are less affected. Strong

lateral gradients in lithospheric structure are probably responsible, and future inversion
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for structure can utilize polarization measurements like those made in this study. Our data

set shows little evidence of quasi-Rayleigh and quasi-Love waves, indicating the absence

of strong effects of azimuthal anisotropy for the paths considered.
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Figure 1. A test using synthetic time series. (a-c) Transverse, radial, and vertical com-

ponents of the signals. The first signal starts at about 10 s and is linearly polarized on

a direction of -44˚ in strike relative to the radial axis and -43˚ in dip; the second starts

at about 20 s after the termination of the first and is elliptically polarized with ellipti-

city E=0.54, and its major polarization vector r1 has a strike of 44˚ and a dip of 0˚.

(d-f) Various components of the polarization vectors of the signals (solid lines,

transverse components; dashed lines, radial components; dotted lines, vertical com-

ponents). (g-j) Various polarization parameters calculated using the polarization vec-

tors: (g) dip and (h) strike of r1; (i) ellipticity; (j) Euler angles θ, φ, and ψ.

Figure 2. Locations of stations (triangles) and earthquakes (plusses) used in this study.

Source-receiver great-circle paths (solid lines) are shown for station PAS to three

events. Earthquake epicentral parameters along with event numbers shown here are

listed in Table 1.

Figure 3. Amplitude radiation patterns of Rayleigh (dashed lines) and Love (dotted

lines) waves with a period of 100 s for the earthquakes used in this study. For each

earthquake the azimuth of station PAS is indicated by the solid line. The radiation pat-

terns are computed for a point source with source parameters from the Harvard CMT

solutions and for the average ocean model of Regan and Anderson [1984]. Figure 4.

(a) Seismograms from the September 4, 1989 South of Alaska earthquake (event

890904, Table 1) recorded at station PAS (T , transverse; R , radial; Z , vertical). The

units are in 105 counts for all three components. Time is relative to the origin time.

The arrival times of P, PP, PcP, S, LQ, and LR waves are from the NEIC and are

marked with dashed lines. (b) Various components of polarization vectors for the

seismograms. The units are in 105 counts for r1 components (r 11, r 12, r 13) and r2 com-

ponents (r 21, r 22, r 23), and 1010 counts for r3 components (r 31, r 32, r 33).
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Figure 5. Variations of various polarization parameters for the seismograms shown in

Fig. 4. (a-c) Instantaneous envelopes (units in 105 counts) of (a) transverse, (b) radial,

and (c) vertical component seismograms; (d) azimuths of the intersection of the polari-

zation plane and the horizontal plane relative to the radial direction; (e) azimuths of r1

relative to the transverse direction; (f) azimuths of the instantaneous envelope for hor-

izontal components relative to the radial direction; (g) instantaneous periods. The

arrow indicates the end of the time window for which the average azimuth of the

Rayleigh-wave polarization plane is computed.

Figure 6. (a) The polarization vectors of ground displacements (filtered with a cut-off

period of 20 s) for the seismograms shown in Figure 4. The units are in 102, 102, and

104 microns for r1, r2, and r3 components, respectively. (b) r1 components and Love

wave incident azimuths (dotted line) relative to the transverse direction (solid line,

weighted average of the azimuths; dashed line, unweighted average). (c) r3 com-

ponents and Rayleigh wave incident azimuths. The left arrows in (b) and (c) indicate

the Love and Rayleigh wave arrival times reported by the NEIC, the right arrows indi-

cate the end of the time window for which the average incident azimuth is determined.

Figure 7. (a) The components of the instantaneous envelope of ground displacements for

the seismograms shown in Fig. 4 (filtered with a cut-off period of 20 s),

instantaneous-frequency parameters α, β, αβ′−α′β, α2+4β2, and instantaneous periods.

Units are arbitraryly set. (b) The polarization vectors of displacements filtered with a

cut-off period of 100 s. (c) The polarization vectors of synthetic ground displacements

filtered with the cut-off period of 50 s, which are computed using the Harvard CMT

solution and Earth model PREM.

Figure 8. (a) The incident azimuths versus instantaneous periods, which are obtained
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using polarization vectors for ground displacements of surface waves recorded at PAS

from the 1989 Alaska earthquake. Results that are obtained without corrections for

modes contamination are shown in open circles (Rayleigh waves) and crosses (Love

waves); results obtained with the corrections are shown in shaded line (Rayleigh

waves) and dashed line (Love waves). (b, c) The incident azimuths of surface waves

recorded at various stations from (b) the 1989 Alaska earthquake (event 890904) and

(c) the 1995 N. Chile coast earthquake (event 950730).

Figure 9a. Seismograms from the 4 September 1989 South of Alaska (event 890904, top

panels) and 30 July 1995 near coast of Northern Chile (event 950730, bottom panels)

earthquakes bandpass filtered between 30 and 200 s. The stars in the PAS-890904 and

CMB-950730 panels mark the refracted Rayleigh and Love wave anomalies, respec-

tively.

Figure 9b. Seismic data from the 8 March 1991 Eastern Siberia (event 910308, top

panels) and 14 August 1988 near northern Chile coast (event 880814, bottom panels)

earthquakes. The stars mark the refracted Rayleigh wave anomalies.

Figure 9c. Seismic data from the 2 March 1992 off east coast of Kamchatka (event

920302, top panels) and 12 November 1996 near coast of Peru (event 961112, bottom

panels) earthquakes. The stars in the CMB-920302 and CMB-961112 panels mark the

anomalous phases on the radial component.

Figure 10. Incident-azimuth anomalies versus instantaneous periods for Love waves

recorded at various stations from the earthquakes located northwest (left panel) and

southeast (right panel) of the stations.
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Figure 11. Incident-azimuth anomalies versus instantaneous periods for Rayleigh waves

recorded at various stations.

Figure 12. Directions of arrivals for surface waves with a period of 30 s (open arrows,

Rayleigh waves; solid arrows, Love waves). (a) and (b) show average arrival-

directions for the earthquakes located in the NW and SE, respectively. (c) and (d)

show arrival-directions for selected events, for which the data have high SNR. The

solid lines indicate great circle paths for the 1989 South of Alaska earthquake (event

890904). For each station the azimuth of an arrow relative to the solid line indicates

observed incident-azimuth anomaly.
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Table 1. Epicentral Parameters of Earthquakes Used in This Study†

_______________________________________________________________________________________
Date Lat Long Depth Back Az ˚∆o ______________ GreatEv. Location Yr Mo Dy ˚ ˚ km Ms

PAS PAS MHC CMB GSC Circle_______________________________________________________________________________________
CMB-GSC1 Komandorsky Isl. 88 02 29 55.15N 167.43E 17 6.8 54 317 315 314 316 MHC-PAS

2 N. Chile 88 08 14 27.26S 71.09W 39 6.5 76 138 136 137 139 PAS-MHC

3 S. of Alaska 89 09 04 55.54N 156.84W 26 6.9 34 321 319 318 319 MHC-PAS

4 Komandorsky Isl. 90 11 06 53.47N 169.93E 27 7.0 53 315 312 312 314 CMB-GSC

5 E. Siberia 91 03 08 60.90N 167.02E 15 6.6 53 324 322 322 323 CMB-GSC

6 N. Peru 91 04 05 5.98S 77.09W 40 6.8 56 128 126 128 130 GSC-CMB

7 Kamchatka 92 03 02 52.92N 159.89E 50 6.8 59 316 313 313 316 CMB-GSC

8 N. Chile Coast 93 03 15 26.71S 70.92W 60 6.2 75 137 135 135 135 GSC-CMB

9 Alaska Pen. 93 05 13 55.18N 160.46W 41 6.8 36 319 317 317 317 CMB-GSC

10 N. Chile Coast 93 07 11 25.30S 70.17W 49 6.1 75 136 134 134 134 GSC-CMB

11 E. Japan Sea 93 07 12 43.158N 139.336E 17 7.6 75 312 310 310 312 CMB-GSC

12 Chiapas, Mexico 93 09 10 14.72N 92.65W 29 7.3 30 124 123 126 128 GSC-CMB

13 Guerrero, Mexico 93 10 24 16.76N 98.72W 22 6.7 25 130 129 132 135 GSC-CMB

14 E. Kamchatka 93 11 13 51.93N 158.65E 54 7.0 60 315 313 312 315 CMB-GSC

15 Unimak Isl. 93 11 19 54.29N 164.16W 18 6.4 38 317 314 313 315 CMB-GSC

16 Oaxaca, Mexico 94 07 04 14.89N 97.32W 15 6.1 27 130 129 133 135 GSC-CMB

17 Sakhalin Isl. 95 05 27 52.629N 142.827E 11 7.5 68 320 318 318 320 MHC-PAS

18 N. Chile Coast 95 07 30 23.340S 70.294W 46 7.3 73 135 133 134 136 GSC-CMB

19 Guerrero, Mexico 95 09 14 16.779N 98.597W 23 7.2 25 130 129 132 134 GSC-CMB

20 Peru-Ecuador 95 10 03 2.750S 77.881W 24 7.0 52 126 125 126 128 GSC-CMB

21 Jalisco, Mexico 95 10 09 19.055N 104.205W 33 7.4 20 137 136 139 142 PAS-MHC

22 C. Chile Coast 95 11 01 28.906S 71.417W 20 6.4 76 139 137 140 140 PAS-MHC

23 Oaxaca, Mexico 96 02 25 15.978N 98.070W 21 6.9 26 130 130 132 134 GSC-CMB

24 Kamchatka Coast 96 06 21 51.568N 159.119E 20 6.6 60 314 312 312 314 CMB-GSC

25 Peru Coast 96 11 12 14.993S 75.675W 33 7.3 63 133 131 133 135 GSC-CMB

26 Michoacan, Mexico 97 01 11 18.219N 102.756W 33 6.9 21 136 134 137 140 PAS-MHC
_______________________________________________________________________________________
† Depth is from Harvard CMT solutions, and distance (∆) is measured from PAS in degrees.
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